ABSTRACT: In this work, we have disclosed the facile syntheses of morphologically diverse Cu 2 O nanoparticles using our laboratory designed modified hydrothermal reactor employing low-cost copper (II) acetate precursor compounds. The reaction conditions dovetail the effect of ethylene glycol (EG) and glucose to exclusively evolve the morphology tuned Cu 2 O nanomaterial at different pHs. The morphology tuning produces octahedron (Oh), dwarf hexapod (DHP), and elongated hexapod (EHP) Cu 2 O structures only with the optimized reagent concentrations. Interestingly, all of them were bestowed with a (111) facet, a superlative facet for facile nitroarene reduction. Thus, the morphology reliant catalytic reaction becomes evident. However, when used individually, EG and glucose evolve ill-defined CuO/Cu 2 O and Cu 2 O structures, respectively. We have observed that a change in pH of the medium at the onset of the reaction is obligatory for the evolution of tailor-made morphologically diverse Cu 2 O nanoparticles. However, preformed Cu 2 O particles do not suffer further structure/morphology changes under deliberate pH (6.0−9.0) change. With the as-obtained Oh, DHP, and EHP Cu 2 O structures, we further delve into the realm of catalysis to understand the splendor of the nanocatalyst, morphology and surface area dependence, facet selective reactivity, and other factors affecting the catalytic efficiency. The remarkable rate of catalysis of 4-nitrophenol (4-NP), evident from the catalyst activity parameter (k a = 123.6 g −1 s −1 ), to produce 4-aminophenol in the presence of a reducing agent like sodium borohydride (NaBH 4 ) of the as-prepared catalysts is evidence of the collaborative effects of the effective surface area, surface positive charge, and active (111) facet of the Cu 2 O nanocatalyst. We have also studied the effect of other common anions, namely, Cl , and SO 4 2− on the reduction process. To obtain a general consensus about facets, we compared (100) and (111) faceted Cu 2 O nanocatalysts not only for 4-NP reduction but also for the reduction of toxic chromium Cr(VI) in the presence of formic acid to further emphasize the importance of facet selectivity in catalysis and the versatility of the morphology tuned as-prepared Cu 2 O.
■ INTRODUCTION
In contemporary science, the morphology of nanomaterials has been instrumental in improving properties and catalytic efficiency. 1 Nanomaterials not only have novel electronic, optical, magnetic, chemical, and mechanical properties 2−4 in comparison with their bulk counterparts but these properties are also intimately related to their obtained morphology. This has attracted much attention focussing on new synthetic strategies, especially those for metal oxides. Cuprous oxide, a ptype semiconductor with a band gap of 2.2 eV, is available as the robust but only naturally occurring monovalent copper compound on earth. 5 A large amount of water insoluble Cu 2 O is discarded after Fehling's test in academic and pathological laboratories. It has been widely exploited for catalysis, magnetic storage media, solar energy conversion, electrodes for lithium ion batteries, and gas sensors. To date, various structures of crystalline Cu 2 O have been reported exploiting various reducing and capping agents resulting in fascinating octahedral, flowerlike, rod, cubic, and multipod structures. 6−14 In this work, we have judiciously employed glucose as a growth directing agent, ethylene glycol (EG) as the stabilizing agent, and both act collaboratively to reduce Cu(II) in a solution of copper acetate, in various proportions, to yield octahedral (Oh), dwarf hexapod (DHP) and elongated hexapod (EHP) structures under different pHs. This synergistic effect of EG and glucose was studied systematically. Thereby, the adept catalyst was then exploited in catalyzing various reactions, namely, nitroarene reduction and the reduction of Cr(VI) to Cr(III), to show its versatility. An insignificant amount of the as-synthesized Cu 2 O catalyst was responsible for carrying out effective progress and completion of the reactions. Of the three morphologies, the Oh structure delivered the best catalysis owing to its greater surface area and surface charge. Facet selective theories were established with a comparative study of the two different reduction reactions by evaluation of the efficiency of the (111) facet in comparison to a (100) 15 facet. Nitroaromatic compounds are an environmentally redundant material that are hazardous to living organisms. Pesticides containing nitroaromatic compounds show a hydrophobic nature and are not miscible in water, accumulating in sediments resulting in potential contamination. In environmental legislation, 4-nitrophenol (4-NP) has been recorded as a carcinogenic, teratogenic, and mutagenic element and hence is perilous to human life. The catalytic hydrogenation of nitroaromatic compounds has considerable significance as the aromatic amines produced are important intermediates and precursors required for production of different pharmaceuticals, polymers, herbicides, agrochemicals, pigments, and dyes. 16, 17 The benchmark reaction of 4-NP reduction to test the catalytic efficiency of metal nanoparticles is widely used and was proposed by our group. 18−22 The convenience of the model reaction lies in the fact that the reaction proceeds at an infinitesimally slow rate without suitable catalyst and the progress of the reaction can be monitored with a UV−vis spectrophotometer when a suitable catalyst is introduced into the reaction mixture. It remains a challenging task to reduce nitro compounds in the presence of other reducible groups in the moiety. The reduction is initiated by NaBH 4 in the presence of noble metal catalysts. 23−26 The expense and low availability of such metals convinced us to meticulously design a suitable catalyst which is cost effective, earth-abundant, and nontoxic. However, to the best of our knowledge, this is the first report of a tailor-made synthesis of octahedral and hexapod nanostructures of Cu 2 O from the combined effect of EG and glucose under a modified hydrothermal treatment (MHT) 27, 28 but from variable pH. Herein, we reveal a high yielding green synthesis of Cu 2 O nanostructures utilizing EG as the stabilizer and glucose as the growth directing agent individually, however both also work cooperatively as the reducing agent in the system at variable pH conditions. Thereafter, the remarkable efficiency of the as-synthesized proficient catalyst was attested from nitroarene reduction. We also found a linear relation between surface area and the rate constants for the three morphologies. Various anions (Cl , and SO 4 2− ), five times diluted with respect to 4-NP, were introduced into the reaction mixture to observe the adeptness of the as-prepared catalyst to reduce 4-NP and to study the anion effect on the reaction rate. Our as-synthesized (111) faceted Oh Cu 2 O nanocatalyst showed nitroarene reduction in a very short time span of 4−15 min, an unprecedented observation for a ∼10 −4 M concentration of nitroarenes, leaving aside the morphologically different (111) or (100) faceted Cu 2 O. The plausible mechanism instrumental in bringing about 4-NP reduction (k a = 123.6 g −1 s −1 ) was the collaborative effort of particle size, active surface area, facet, and surface potential. Catalysis for Cr(m, mVI) reduction (k a = 2.0 g
) was also viable due to the efficiency and versatility of this unique inexpensive catalyst and the preferential activity of the (111) facet toward specific reactions.
■ RESULTS AND DISCUSSION Analytical Instruments. Details are provided in the Supporting Information.
X-ray Diffraction (XRD) Analysis. The phase structure and purity of the as-prepared Cu 2 O nanoparticles of the three different morphologies, namely, Oh, DHP, and EHP, obtained from the combined effect of glucose and EG were analyzed by X-ray diffraction study (Figure 1) . The peaks at 2θ = 29.9, 36.5, 42.2, 52.6, 61.4, 73.8, and 77.4°can be indexed to the (110), (111), (200), (211), (220), (311), and (222) reflection peaks (JCPDS file 77-0199) attesting that the cubic Cu 2 O crystal structure formed is phase pure. In all three cases, the (111) plane shows the most intense diffraction peak revealing the exposure of the (111) plane. From the 3D model, it was noted that the EG stabilizer exclusively stabilizes the (111) plane and hence a slow growth rate is the consequence. On the basis of the Gibbs−Wulff's theorem, the facets bestowed with higher surface energies always grow promptly and finally decrease or disappear from the eventual morphologies, whereas the crystal facets with lower surface energies grow in a sluggish pathway and are conserved in the ultimate structure. 29 Only the facet with a slower growth rate gets exposed to a large extent and shows an intense diffraction peak in the XRD pattern. 30 The predominant facet exposed in Oh is (111) due to the diminished growth on this plane and thus it shows a much higher diffraction intensity than that of the (200) planes in all three cases. In the spectra, the diffraction intensity ratios of (111)/(200) progressively increased in the following order Oh < DHP < EHP as a result of increasing (111) facets. In comparison, in the Cu 2 O cube, the (100) plane is more exposed and hence the ratio is less, as is evident from Figure  S1a in the Supporting Information. Cu 2 O consists of a cuprite crystal structure with a body-centered cubic packing of oxygen atoms with a copper atom occupying half of the tetrahedral site. From the crystal model, it has been reported that (100) planes have oxygen atoms present in the unit cell, whereas slicing along the (111) plane exposes the Cu atoms with dangling bonds. 31 Hence, the (111) plane with Cu atoms exposed has a greater positive surface in comparison with that of the neutral (100) faces of the cube. 32 The growth mechanism was also studied with the help of time-dependent XRD ( Figure S2 ) and it was confirmed that Cu 2 O nuclei are formed that gradually evolve into various morphologies.
X-Ray Photoelectron Spectroscopy (XPS) Analysis. The oxidation state and surface atomic composition of the Oh, DHP, and EHP Cu 2 O nanomaterials were investigated by wide range and high-resolution X-ray photoelectron spectroscopy, as shown in Figure 2 . The observed symmetrical peaks are indicative of more than one chemical state of copper. Peaks of Cu 2p 3/2 and Cu 2p 1/2 at 932.6 and 952.7 eV, respectively, have been reported for Oh Cu 2 O. 33 Apart from the main peak of Cu(I), a few shakeup satellite peaks are observed in the spectra in a higher binding energy range at around 940.6 and 943.3 eV, which can be attributed to Cu(II) 34, 35 states in CuO incorporated due to surface oxidation. Hence, this shows the presence of CuO on the surface of Cu 2 O, although the XRD analysis proved only the presence of Cu 2 O. In the case of DHP, the main peaks are at 931.2 and 951.8 eV; whereas, in the case of EHP they are at 930.7 and 951.2 eV. Hence, this change and decrease in binding energy suggests that with a decrease in alkalinity and increase in acidity, there is less CuO on the surface of the nanoparticle. Hence, in a more alkaline medium there is the possibility of more CuO by surface oxidation than that in acidic media. The corresponding O 1s peak for DHP and EHP at ∼530.3 eV matched well with the literature value. 38 For the Oh sample, the main O 1s peak is centered at a higher binding energy value of 531.5 eV. This was assigned to the adsorbed O on the surface on Cu 2 O due to the presence of hydroxyl groups, which may be due to the precursor NaOH added during the synthesis. The Auger spectral analysis [ Figure  S3a ] after surface cleaning shows a peak at 916.9 eV which is a clear indication of the Cu(I) present in the as-synthesized samples. 36, 37 Also, to confirm this, we further applied XPS to our Oh catalyst after sputtering and observed that the peak of the CuO satellites vanished with intense Cu 2 O peaks confirming the presence of CuO is on the surface only [ Figure  S3b ].
Fourier Transform Infrared (FTIR) Analysis. The FTIR spectra of the as-prepared Cu 2 O synthesized from its precursor glucose and copper acetate are shown in Figure 3 in the case of EHP was observed due to the crystallization and growth process. 15 The band at 1550 cm −1 is typical of a carboxylate group obtained from the corresponding acid which remains adsorbed on the surface of the metal oxide after the reaction of the precursor. These peaks are most pronounced in the case of the Cu 2 O nanoparticles obtained from the basic medium, lesser for the case of neutral medium, and negligible for the acidic medium, which shows the extent of deprotonation of the carboxylate group, that is, the medium effect.
Field Emission Scanning Electron Microscopy (FESEM), Transmission Electron Microscopy (TEM), and High-Resolution (HR) TEM Analysis. The tailored morphology of the Cu 2 O nanoparticles was carefully investigated under FESEM and TEM, as represented in Figures 4 and 5 , respectively. Each Oh was made of triangular faces, the height of which was around 800 nm, the apex was around 300 nm in width and the base around 1 μm. Each DHP had six triangular shaped pods attached at the center, each triangle was around 2 μm in height from the center. Each pod was triangular in shape, around 500 nm in width toward the apex, and 2 μm at the base. In the case of EHP, each hexapod had a length of 20 μm, the apex was around 2 μm, and the base around 2.5 μm. The six hexapods were loosely attached at the center and a few broken pods were also observable. Eight (111) faces were exposed in the Oh structure of Cu 2 O and twenty four such faces in the case of the hexapod. 31 This crystallographic orientation shows a higher catalytic activity. Hence, the higher the number of (111) faces present in the catalyst, the greater should be its activity, along with other factors evident to some extent from the nitroarene reductions carried out. It was observed that in basic NaOH medium, only the Oh structure was synthesized, whereas in acetic acid medium, the EHP structure was produced. It can be concluded that in strongly basic medium, growth of the (100) plane takes place and stops at Oh, whereas in very low basic medium, further DHP structures are formed, and with increasing acidity, the hexapod becomes elongated. However, in the presence of EG, the (100) planes do not seem to be visible. Crystal growth is also closely related to the surface energy of the crystal face. A crystal grows rapidly in the direction perpendicular to the face that has the highest surface energy. 39 The higher growth rate of six equivalent dipolar unstable facets leads to the six branches of the extended hexapod 40 of Cu 2 O when the reaction medium changes from basic to acidic. From the TEM and HRTEM images ( Figure 5 ), the fringe was calculated with a d-spacing of around 2.53, 2.57, and 2.65 nm, respectively for Oh, DHP, and EHP, which can be indexed to the (111) plane, and was confirmed by SAED pattern. They also proved the presence of pure Cu 2 O. FESEM images of the growth mechanism of the arrested reaction at different time intervals of all three morphologies were also studied [ Figure 6a −c]. FESEM, TEM, and HRTEM analysis of the Cu 2 O cube nanoparticle is also provided and clearly shows the cube morphology with fringe spacing in accordance with the Cu 2 O compound [ Figure S1b ,c].
Energy-dispersive X-ray (EDX) Analysis. From EDX analysis, we confirmed the presence of copper and oxygen ( Figure S4 ), the Cu peak is almost double the peak of O proving the probable composition of the nanoparticles synthesized to be Cu 2 O.
Brunauer−Emmett−Teller (BET) Analysis. The FESEM and TEM images clearly display a disparity in surface area of the three different morphologies. The smaller the size of a particle, the greater the surface area. Measurements acquired from nitrogen adsorption−desorption isotherms corroborate the surface area. Figure S5a , respectively. The Barrett−Joyner−Halenda method was implemented for pore volume/diameter distribution, and this was found to be 0.056, 0.008, and 0.007 cc g −1 , with pore diameters of 14.8, 15.6, and 15.6 Å for Oh, DHP, and EHP, respectively. Hence, the surface area of Oh was higher than that of DHP and EHP. The order of surface area established was Oh > DHP > EHP. Again, when compared with the cube, we observed that the surface area was close to the Oh samples, 20.6 m 2 g −1
, the pore diameter being 15.6 Å [ Figure S5d ].
Synthesis of Cu 2 O. Our work combines the effects of EG and glucose to form hierarchical structures at variable pH due to a medium effect. On carrying out the synthesis with EG and glucose, the optimum concentration was evaluated for the Oh, DHP, and EHP structure evolution. The Cu(II) precursor salt was stirred for an hour with a stabilizer, EG, with no change in pale blue aqua complex color proving that reduction does not occur here with the free hydroxyl groups, and only the Cu(II)− EG complex is formed. We carried out the reaction in basic (pH ∼ 9.0), neutral (pH ∼ 7.0), and acidic (pH ∼ 6.0) media. No other copper salts were able to give the product in neutral and acidic media under similar conditions. The reduction potential of the Cu 2+ /Cu + system is E 0 = 0.158 V and that of the gluconic acid/glucose system is E 0 = 0.05 V. Hence, in view of the reduction potential values, glucose is predicted to reduce the cupric state to cuprous, and in turn, glucose is oxidized to gluconic acid. 41 The probable steps of the reaction are schematically represented in Scheme 1.
Temperature control and autogenic pressure are vital for the unique morphology evolution. The combination of EG, glucose, and cupric acetate facilitates the structures with exposed (111) facets such as Oh and hexapod. Also, heating the mixture with only EG yielded both CuO and Cu 2 O, and with only glucose yielded Cu 2 O solely, as validated by the XRD patterns ( Figure S6 ), but all with ill-defined structures. This proves that EG helps in forming the Cu(II)−EG complex and in the absence of glucose being a weak reducing agent, it forms CuO upon dehydration of the Cu(OH) 2 species 42 and also reduces some Cu(II) to Cu 2 O under MHT. However, in the presence of glucose, which is a stronger reducing agent, Cu(OH) 2 is directly reduced to Cu 2 O, without any trace of CuO. In the absence of glucose, the products formed are illdefined, whereas in the absence of EG, the structures are distorted and not fully formed at the end of the stipulated time. In the absence of the optimum amount of EG and glucose, the product is precluded from being synthesized in neutral and acidic medium. It is also pertinent to mention that when the Oh is treated with acidic pH, when the EHP is treated in a basic pH, or when the DHP is treated with the respective concentration of NaOH and acetic acid, no interchange of structures took place in any of the cases. Hence, the prerequisite for the three different morphology evolutions is their respective pH at the commencement of the reaction. After the product is formed, a change in pH does not cause an interconversion of morphology. A synergy exists between EG and glucose to bring about the reduction of Cu(II) and the specific uniform morphology of Cu 2 O.
Mechanistic Insight into the Growth of the Structures. In our prescribed pH (9.0−6.0) conditions, Cu(OAc) 2 converts to Cu 2 O via Cu(OH) 2 formation. Under MHT, dehydration and reduction of the Cu(OH) 2 species takes place and Cu 2 O is obtained. 42 The evolution of Cu(OH) 2 nuclei is more prevalent in at higher pH. Anyway, Cu(OH) 2 is the initial product of the hydrolysis of Cu(OAc) 2 for all three cases. At higher pH, oriented attachment defines the Oh particles because of the higher number of available Cu 2 O nanoparticles. The presence of Cu 2 O nanoparticles at 5 and 10 h was confirmed by XRD 
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Article analysis, as shown in Figure S2 . Hence, this authenticates our presumption that a Cu 2 O nucleus is the beginning of the growth mechanism in each of the reaction mixtures and gradually evolves to different morphologies in different pH media. In the neutral to acidic conditions, fewer Cu 2 O particles are generated as a result of the slow kinetics of the hydrolysis of Cu(OAc) 2 . Thus Ostwald ripening, 43 even though already in force, and the coalescence and oriented attachment 44 mechanisms become more pronounced, and as a result of which, the DHP structure is obtained. It is worth mentioning that no other copper salts gave Cu 2 O in neutral and acidic media, proving that Cu(OAc) 2 has an inherent tendency to ionize into Cu(OH) 2 species in solution, which is an intermediate in the reaction. The products obtained from MHT were all withdrawn after 18 h, however the parity in kinetics of the hydrolysis of Cu(OAc) 2 results in the rapid formation of fully molded Oh in basic medium within 14 h and slower rates of formation of perfectly shaped DHP and EHP at 17 and 18 h, respectively. Maintaining the reaction for longer (48 h) did not alter any of their morphologies.
The final product formation was accompanied by a number of transient steps which led gradually to the hierarchical morphology, as evident from Figure 6a−c. In the case of Oh, from 3 h under MHT, there starts a gradual evolution of Cu 2 O nuclei that take up the Oh shape by Ostwald ripening from within the solution. They further modify to become sphericalshaped with emerging edges and gradually form perfect Oh structures of around 800 nm size at 14 h. There lies four apexes at the four corners of the XY plane and two other apexes at the positive and negative end of the Z axis that define a perfect Oh. In the case of DHP, Ostwald ripening causes small particles to evolve from the reaction mixture and the ill-defined structures of Cu 2 O nuclei begin to coalesce and undergo oriented attachment, a common clue for crystal growth, at 3 h. Through constant growth and surface reconstruction, larger hexapods with smooth faces grew. Then, there occurred the simultaneous evolution of structures that vaguely form six attached Oh shapes at 6 h, which gradually extended their apexes at 10 h, and meticulously formed the symmetrical DHP structure at around 17 h. The structure's faces are a further development of the octahedral framework. Of the six hexapods, four heads lie in the XY plane and can be accounted back to the four apexes in the case of a pure Oh. The other two are extensions of the two apexes in the Z axis in the positive and negative directions. In the case of EHP, at around 3 h product formation initializes. Primarily short hexapod structures are formed by Ostwald ripening, coalescence, and oriented attachment of the pods, which is observable between 6 and 10 h. These transitory morphologies with time gradually etch, extend and mold into EHP structures at 18 h. In this case also, the six pods can be attributed to the six apexes of the Oh framework, which elongate further to give rise to the EHP. Hence, the formation of the hierarchical structures can be attributed to Ostwald ripening, coalescence, and orientated attachment, as represented in Figure S7 Bulk Cu 2 O is a p-type semiconductor with a band gap value of 2.2 eV. The catalytic activity of the as-synthesized Cu 2 O nanoparticles and different chemically etched products has a close relationship with the exposed particle size, surface area, crystal planes, and surface charge. To study the efficiency and ability of the as-prepared Cu 2 O Oh, DHP, and EHP nanostructures, we performed hydrogenation reactions of six nitro compounds using NaBH 4 as the reducing agent and source of hydrogen, and the reduction of Cr(VI) to Cr(III) in the presence of FA. Nitroarene Reduction. Nitroarenes are toxic, making it necessary to improvise methods for their transformation. 56 The reduction of nitrophenol to aminophenol has been executed directly with noble metals. 57−59 The reaction does not proceed favorably in the absence of a suitable catalyst ( Figure S8 ). However, noble metals are not only expensive but also scarce in nature. Hence, designing alternative, low cost, abundantly available catalysts is necessary for the reaction. This has been pursued by a number of groups who have synthesized noble metal-free 60 and also metal-free catalysts. 61 Our work is the first report where morphologically variable Cu 2 O using Cu(OAc) 2 , EG, and glucose under definite pH, has been judiciously employed to reduce nitroarenes at a momentous rate. Comparative catalytic analysis of the time-dependent absorption spectra of the reduction of 4-NP to 4-aminophenol (4-AP) using NaBH 4 as reducing agent and adding morphologically different Cu 2 O into an identical reaction medium, as the active catalyst, was performed.
First, we studied the reaction of 4-NP in solution. In an aqueous medium, a pale yellow-colored 4-NP solution shows an absorption peak at ∼317 nm ( Figure S9 ). However, in the presence of freshly prepared NaBH 4 , the solution becomes bright yellow and shows a strong red-shifted absorption peak at ∼400 nm due to the formation of an extended conjugation of nitrophenolate anions in alkaline medium. In the presence of catalyst as the reduction progresses, the band at 400 nm diminishes and a concomitant characteristic peak rises at ∼300 nm, which is that of colorless 4-AP. Two isosbestic points are observed at ∼311 and ∼280 nm, which confirm a clean conversion and yield of a single product. 62 To testify this, we also collected 1 H NMR data of the product obtained after the catalytic reduction of 4-NP ( Figure S10 ). The reaction can be monitored conveniently with a UV−vis spectrophotometer. To conduct a comparative investigation of the different morphologies of Cu 2 O, we separately employed the catalyst in individual identical reaction media. In each case, we obtained absorption spectra that can be further modified to obtain the rate constant from a ln(A/A 0 ) versus time graph, which demonstrates a straight line with a negative slope. We studied the time-dependent reduction kinetics by systematically preparing the reaction medium with a respective amount of catalyst (0.1 mg quantity for Oh, 1 mg quantity for DHP, EHP, bulk and cube Cu 2 O), 5 × 10 −5 M 4-NP, and 1.6 × 10 −3 M freshly prepared NaBH 4 in a quartz cuvette at room temperature. The reducing agent NaBH 4 was added in excess (almost ∼10 2 times higher in concentration than that of the substrate, 4-NP). Hence, the reaction follows pseudo-first-order reaction kinetics with a very negligible induction period. Figure 8d , the marked increase in catalytic activity is observable moving from bulk to micrometer to nanometer scale particles making the catalytic efficiency in the nanoregime more evident in comparison to that of the bulk Cu 2 O. The superiority of our as-prepared (111) faceted Oh Cu 2 O is evident from the comparative study of previous reports, as shown in Table 1 . The activation energy for the reaction carried out with the Oh Cu 2 O nanocatalyst, which catalyzes the reaction best, was as low as 22.186 kJ mol −1 ( Figure S12 ) calculated from the Arrhenius equation k = A e −E a /(RT) , where k is the temperature-dependent rate constant, A is the pre-exponential factor, E a is the activation energy of the reaction, R is the gas constant 8.314 J K −1 mol
, and T is the temperature in kelvin.
The mechanisms proposed in previous reports 18 explain that the catalysis of 4-NP occurs in two steps, first, adsorption of the substrate and second, desorption of the product, involving the catalyst. In this respect, the factors indispensable for elucidating the efficiency of a catalyst are the morphology of the nanocatalyst, active surface area for catalysis, facets involved, and the existing surface charge. Hence, a fine tuning of the morphology, facet, and increase in the surface area of a nanoparticle consequently increases the active site of the catalyst in the reaction medium, which has a direct effect on the catalytic activity. The surface area of a particle increases with its decreasing size. From the FESEM and TEM images, and BET analysis, the difference in the surface area of the nanoparticles is undisputable, and is highest for the smaller sized Oh when compared to that of DHP, which is lower, and EHP, which is least. Figure 9 establishes a linear relationship of rate constants with the surface areas of the morphologies, as obtained from BET analysis (Figure S5 ), proving that the greater the surface area of the catalyst, the better the efficiency, thereby validating the adeptness of the Oh Cu 2 O nanocatalyst over the DHP and EHP Cu 2 O nanocatalysts, all bearing the (111) facet. Because of the variance in the surface area of the three different morphologies, the same (111) faceted Oh Cu 2 O nanocatalyst with 26.9 m 2 g −1 surface area has a higher number of catalytically active Cu(I) sites, with respect to DHP with 11.3 m 2 g −1 and EHP with 4.3 m 2 g −1 surface areas. The increased active sites increases the surface area of reaction to a great extent for the Oh, a lesser extent for the DHPm and least for the EHP morphology. Also, the higher the rate of adsorption of the substrate on the surface of the catalyst, the greater the expected rate. This was also validated by turn over frequency calculated for ∼65% conversion of 5 × 10 −5 M 4-NP solution using the Oh, DHP, and EHP nanocatalysts individually, the values obtained being 0.325 × 10 ), though close to that Figure 9 . Linear relationship between the surface area of the asprepared catalysts and the catalyst activity parameter.
of the Oh, still shows less efficiency. Hence, the significance of facet and surface charge is manifested in the comparison of the rate constants of Oh and cubic Cu 2 O. In a typical Cu 2 O bodycentered cube (BCC) unit, each oxygen atom is surrounded by tetrahedron Cu atoms, whereas each Cu atom is surrounded by two oxygen atoms. On slicing the BCC unit diagonally, in the exposed (111) plane, every two Cu atoms have a dangling bond perpendicular to the plane, which leads to unsaturated Cu in the facet, which is highly active, providing a positive surface, in comparison to the (100) facet which has almost a neutral surface. The zeta potential (ζ) data of the three as-prepared morphologies, along with the cube, support the above statement and follow the order Oh (∼+30.9 mV) > DHP (∼+22.1 mV) > EHP (∼+9.53 mV) > cube (∼+2.04 mV), performed with very low (0.025 mg per 1 mL) concentration of Cu 2 O in a well-dispersed ethanol medium. The positive ζ potential of the (111) facet agrees well with the crystal plane analysis, whereas a mildly positive to neutral charge is expected for the (100) facet. The surface charge of the Oh is highest, whereas that of the DHP, EHP, and cube are lower. 47 From the data, it is evident that all of the structures formed in the presence of copper acetate, EG, and glucose under MHT, but differing in active surface area and surface charge have (111) faces exposed. The exposed active Cu(I) site, surface charge, and active surface area are instrumental in bringing about the remarkable catalytic behavior of the (111) faceted Oh Cu 2 O due to favorable and enhanced adsorption of nitroarene. Next, we explain explicitly how the catalytic activity of the (111) plane is greater when compared to that of the (100) 69−71 plane in specific reactions. A comparative account of the experimental results provides another vital illustration, as the (111) faceted Oh Cu 2 O catalyzed the reduction with greater propensity when compared to catalysis by the (100) faceted cube [FESEM, TEM, and HRTEM images in Figure S1b ,c] of similar size, that is, ∼500−800 nm. The point of zero charge (PZC) of the Oh Cu 2 O nanoparticle was calculated to be at pH 10.85 [PZC graph in Figure S13 ], which is evidence of the positive surface charge of the nanoparticle and its high adsorbing tendency toward anionic species. The rich copper exposed (111) facet facilitates the formation of a highly active positive surface in alkaline solution, 72 as is the condition prevailing in the nitrophenol reduction reaction with NaBH 4 . The high adsorption of the anionic deprotonated nitrophenolate on the surface of the positively charged and more accessible Cu atom of the Cu 2 O nanoparticle is complimentary for the formation of the Cu−nitrophenolate active species and hence an increase in reaction rate is irrefutable in the case of the Oh morphology. The greater the positive surface charge and number of active sites of (111) facets, the more competent the catalyst is. 4-NP reduction on this selected facet has been proved unequivocally from the above discussion. Additionally, to evaluate the efficiency of the catalyst toward 4-NP reduction in the presence of other anions, we introduced Cl , and SO 4 2− (Figure 10 ), at 5 times lower concentration than that of 4-NP, into the reaction medium. The movement of an anion in a solution is dependent on the size of the ion and its effective charge. Hence, if the ion is small, then it will diffuse at a faster rate and adsorb on the surface of the catalyst. Again, the greater the effective charge of the ion, the higher its affinity toward the positively charged surface of the catalyst. The smaller ions, due to their size, easily move through the solution to reach the positively charged surface, thereby retarding the adsorption of nitrophenolate. However, the decrease in the rate of the reaction was not very high due to the strong affinity of the resonance stabilized nitrophenolate on the (111) facet. The SO 4 2− ion is the largest among all of the other ions and hence, in spite of having a more effective charge it is incapable of diffusing to the surface of the catalyst. However, in this case, the rate is increased considerably. This is similar to the "salting out" phenomenon and the rate enhancement is observed because of the relatively stronger attachment caused by the forced confinement of the nitrophenolate ion on the surface of the catalyst due to bulky anions in the vicinity. Therefore, the observed result conveys two occurrences: (i) the diffusibility of the smaller ions causing retardation of the reaction rate due to competitive adsorption of the small anions on the positively charged surface of the nanocatalyst, and (ii) the bulky ions which diffuse at a slower rate but assist in supporting the 4-NP adsorbed on the surface of the nanocatalyst enhancing the reaction rate, in comparison to the controlled reaction.
Hereafter, we used the Oh catalyst for further studies. For an insightful investigation into the contribution of the catalyst, we varied the catalyst amount, NaBH 4 concentration, and 4-NP concentration, as shown in Figure S14a,a1,b,b1,c,c1 . The optimized reaction conditions were determined from Figure  S14d .
Hence, it is noteworthy that a low-cost catalyst with a highly active facet is most complimentary in bringing about the facile reduction of nitrophenol. To extend this explanation to the case of other nitroarenes, we selected five compounds with structurally divergent groups with substitutions at different positions in the ring, keeping all of the conditions unaltered. As the order of reactivity of the different morphologies was noted to be Oh > DHP > EHP, the rest of the reductions were performed with a minimal quantity of 0.1 mg of the nanocatalyst with the Oh structure, for feasibility of measurement, and to study in detail the effects of the catalyst on the reduction reaction. We observed that the nitroarene reduction occurred rapidly within 3−7 min keeping all other conditions unchanged, as shown in Figure 11 . On comparing the compounds it was observed that 3-nitroaniline showed the maximum reactivity. As we have found previously, the reaction goes through the nitrophenolate ion, which is stabilized by resonance 21 due to the presence of an electron-withdrawing nitro group. Hence, we can assume that 4-NP is more stable with respect to 2-nitrophenol due to steric effects. A similar explanation holds well for 2-nitroaniline and 4-nitroaniline, which are both stabilized by resonance, but the former is less stable than the latter due to steric effects. However, 3- nitroaniline is the least stable as there is no resonance stabilization. The nitroarene ions that have the least stability have the highest reactivity, which is evident from the very small reduction time required, as is evident from the absorption spectra. For the present study, it is important to comprehend the chemistry executed on the surface of the metal oxide catalyst. It may be inferred from the observations described that not only the surface area but also the facets providing active sites for reaction and the surface charge collectively bestow upon the catalyst its efficiency. As per the crystal structure, the active surface area estimation from BET analysis, PZC, and ζ potential values, it can be assumed that the Cu atoms with dangling bonds are active toward the negatively charged molecules. From previous reports it can be presumed that the nitroarene reduction takes place on the surface of the active catalyst and the mechanism proposed is that whereby the reducing agent NaBH 4 and the substrate get attached on the surface of the catalyst. The Cu 2 O molecules produce an in situ Cu(0) species which is highly active toward the reduction reaction. 65 The negatively charged species of borohydride and nitrophenolate adsorb on the surface of the catalyst rapidly and immediate onset of the reduction process occurs, which can be attributed to the lack of or negligible induction time, when the catalyst amount is 1 mg. However, with a decrease in the catalyst quantity to as low as 0.1 mg, a visible induction period in the absorption spectra is witnessed. The borohydride ion interacts with Cu(0) and transfers a surface hydrogen molecule, along with electrons, to it, causing the reduction of the −NO 2 group of nitroarene to an −NH 2 group. The role of the active surface area, facet, and the surface charge are pertinent for facile reactivity. The Cu 2 O produces Cu(0) and presumably it is also oxidized to form CuO 73 in the alkaline medium (pH ∼ 9.84) of the reaction, which gradually causes a diminished efficiency. On adsorption of the molecules on the surface of the catalyst, the scaffold for a facile hydrogenation process is improvised and as a result of which, the nitrophenol gets reduced by the hydrogen produced in situ from borohydride in the vicinity. The catalytic performance of the as-prepared Cu 2 O was investigated by repeating the same reaction under similar conditions with the preused catalyst. NaBH 4 is a strong reducing agent and was present in excess in the reaction medium, hence the catalytic cycle of the as-prepared catalyst is hampered after some cycles of reaction. The XRD patterns [ Figure 12a ] of the used catalyst show peaks of Cu 2 O with the (111) peak becoming stronger and more eminent with respect to the other peaks which confirms the reduction of Cu 2 O to Cu(0) metal and back to Cu 2 O after catalyzing the reduction in alkaline medium. However, new peaks of Cu(0) are also evident due to a gradual reduction of Cu 2 O to Cu(0) due to the usage of a strong reducing agent like NaBH 4 . The remarkable catalysis was completed without any change in morphology of the catalyst proving its stability and robustness, as evident from Figure 12b , after 20 cycles. The catalyst retains its efficiency to a great extent, even after 20 cycles, with a weight loss of ∼45% of 1 mg catalyst taken, as evident from the ln(A/A 0 ) versus time graph ( Figure S15 ).
Cr(VI) Reduction. Cr(VI) is one of those heavy metals that are a potential threat to the ecosystem, additionally being a carcinogen and mutagen too. 74, 75 Disposal of highly soluble Cr(VI) ions from industrial waste, such as that from leather and dye manufacturing factories, into water directly causes a fatal scenario for terrestrial life. 76, 77 However, Cr(III), being a less toxic element, can be conveniently precipitated out from solution and easily adsorbed into the soil. 78 The elimination of Cr(VI) to produce Cr(III) by adsorption or reduction 79, 80 is of great importance to contemporary chemists and environmentalists. The simplistic protocol using FA is generally preferred in the presence of various metal nanocatalysts, as this technique does not produce any harmful pollutants from its byproducts. 81, 82 In the absence of any catalyst, FA is unable to reduce Cr(VI) ( Figure S16 ). The absorbance at 350 nm is the evidence of a ligand-to-metal charge transfer, which diminishes with time due to progress of the reduction reaction. The color of the solution changes from yellow to colorless at the experimental concentration range indicating the successful conversion to Cr(III) 83 with effective reduction in the presence of catalyst and reaches its completion in almost 50 min. We also calculated and compared the rate constant of the reaction with the Oh and cube Cu 2 O nanocatalysts from the ln(A/A 0 ) versus time plot for the absorbance taken at 350 nm [ Figure 13 ]. As the FA concentration is excessively higher (∼3600 times) than that of K 2 Cr 2 O 7 , the reaction is expected to follow pseudo-first order kinetics. The successful reduction confirms the effective decomposition of FA which helps in the reduction of Cr(VI). The facet selectivity of reactions can effectively define the activity of the nanocatalyst in this case. There was an upsurge in the decrease of Cr(VI) ions in the solution for the cube rather than Oh Cu 2 O nanocatalysts, the calculated activity parameters (k a ) being 4.1 g −1 s −1 (R 2 = 0.98) and 2.0 g −1 s −1 (R 2 = 0.99), respectively. We can observe a difference in the rate constants of our Oh Cu 2 O nanocatalyst and cube Cu 2 O, which clearly proves the facet selective reactivity. Presumably, Cr(VI) is preferentially adsorbed on the (100) facet of Cu 2 O rather than the (111) facet. Hence, the (100) facet of cube, being neutral, consolidates the reduction of Cr(VI) more efficiently than does the (111) facet of the Oh. This explanation is valid as long as undissociated dichromic acid remains present in the FA medium. So, the formic acid can reduce Cr(VI) to Cr(III) through the Cu 2 O surface, which forms in situ Cu(0) and reverts back to Cu(I). However, this conversion is not as facile in acid medium as in basic medium, like that prevailing in 4-NP reaction. As a result, the catalyst gets exhausted after its use for about four cycles. The XRD pattern and FESEM images [ Figure 14a ,b] are provided and prove that Cu 2 O is gradually reduced to Cu(0) after prolonged use of the catalyst in FA medium. Though the rate constant is low, being an inexpensive material our nanocatalyst is economically favorable when compared to costly Pd nanocatalysts. 84 Hence, the catalyst stands out as an effective robust catalyst for the reduction of toxic Cr(VI) to less toxic Cr(III) ions. The low rate constant value is indicative of the low efficiency of the (111) facet toward the removal of dichromate, thus advocating the reaction specificity of the (111) facet of Cu 2 O as inferred from the investigation.
We can circumscribe the observations from both reactions to being due to a facet specific phenomenon. As the surface area of the Oh and cube Cu 2 O are comparable, the rapid reactivity of the Oh catalyst can only be justified through its facet. The zeta potential values and PZC are indicative of the rapid reaction of the negatively charged molecules on the surface of the (111) plane, whereas the effect is not significant for positively charged molecules. Hence, the (111) facet is a better scaffold for nitrophenol reduction, whereas the (100) facet facilitates Cr(VI) reduction. A plausible cause for such an observation could also be the structure of the substrates. Nitrophenolate formed in basic medium, as NaBH 4 is in excess, is an anionic species with its electron density delocalized along the extended conjugation making the molecule more likely to be adsorbed on the positive surface of the (111) facet with respect to the neutral (100) facet. Now, in the case of Cr(VI) degradation, the medium for the reaction is acidic and hence the O − ends of the two bound tetrahedral units of the dichromate molecule are saturated with H + in the vicinity. The only available Cr 6+ in the dichromate species is therefore adsorbed on the electronegative O atoms of the exposed (100) facet. In the case of the (111) facet, the Cu atoms are exposed, hence the surface is already positive and the adsorption of a Cr(VI) center is not considerably facile. Hence, the reaction specific efficiency of the facet is well manifested in the experimental observations.
■ CONCLUSIONS
In a nutshell, we have synthesized three different hierarchical morphologies of Cu 2 O with the (111) facet, using EG as a stabilizing agent, and glucose as a growth directing agent. However, both are instrumental, collaboratively, for reduction under different pH conditions and exert a synergy that is absolutely necessary to bring about the unique morphologies of a Cu 2 O nanomaterial of different particle sizes but with the same (111) facet. The synthetic process generates the tailored growth of the Cu 2 O nanoparticles systemically directing the size, morphology, and exclusively exposed facet. All of the prepared nanomaterials demonstrated excellent catalytic activity toward nitroarene reduction without any additive or promoter for the reaction. We have also illustrated that in the nanoregime, apart from the particle size, the active facet and its surface potential are contributory for the high efficiency of the catalyst. The combined effect of the size, surface area, catalytically active (111) facet, and surface charge are the key features for the simplistic reduction of nitroarenes by NaBH 4 . The efficiency of the reduction reaction was assessed in the presence of other interfering anions that were 5 times lower in concentration than that of 4-NP. We concluded that the bulky anions promote the reaction due to their inability to diffuse toward the catalyst surface and their ability to confine the already adsorbed nitrophenolate species for facile reaction. However, the smaller ions deter it due to their high diffusibility in the solution and affinity for the positively charged (111) facet of the Oh Cu 2 O. The versatility of the catalyst lies in the fact that it is able to catalyze two different reactions effectively; that of 4-NP by NaBH 4 and Cr(VI) in the presence of FA. The manifestation of the surface charge of the nanocatalyst and their inveterate facet selectivity were established by the difference in rate constants of both reactions when compared using the dissimilar (111) and (100) faceted Cu 2 O. The ease of operation of the catalyst, brief reaction period, convenient reaction conditions, and aqueous medium present the catalyst as an economical, green, and eco-friendly material for promoting a myriad of reactions. Further, a tailored facet could bestow increasing efficacy to the same nanocatalyst by many folds for predictable specific reactions. The remarkable efficiency of the as-prepared Cu 2 O nanocatalyst consorted with its morphological stability makes it an ace nanocatalyst for contemporary applications in nanotechnology.
■ EXPERIMENTAL SECTION Chemicals. All chemicals used were of AR grade. Details are provided in the Supporting Information.
Synthesis of Cu 2 O Oh, DHP, and EHP. In a typical synthesis, 7.5 mL of 0.1 M copper (II) acetate was stirred with 2.5 mL of EG for 1 h in a magnetic stirrer at 500 rpm. From this mixture, an 8 mL aliquot was withdrawn and poured separately into a screw capped test tube. Then, 2 mL of water and 1 mL of 0.1 M glucose solution were also added to the mixture. The screw capped test tubes were sealed properly with Teflon tape after being capped. They were then kept under our laboratory designed MHT reactor under 200 W electric bulb illumination for 18 h of heating at a temperature of about 120°C
. The brown precipitate of obtained DHP was washed several times with water and then with ethyl alcohol. It was then dried and used for further characterization.
Two more sets of reactions were prepared in basic (with respect to NaOH, pH ∼ 9.0) and acidic (with respect to acetic acid, pH ∼ 5.0) media. The concentrations of all of the reagents were identical to those mentioned above, only in one of the screw capped test tubes, 0.1 M NaOH was added whereas in the other, 0.1 M acetic acid was added, to maintain the basic and acidic conditions, respectively. The screw capped test tubes were then wrapped properly with Teflon tape. They were then kept in the MHT reactor under 200 W electric bulb illumination for 18 h at a temperature of about 120°C. The former yielded the dark brown Oh and the latter yielded dark brown EHP Cu 2 O nanomaterial. All of these brown precipitates were also washed with water and ethanol, and dried for further characterization.
Catalytic Reduction of 4-NP. In a typical reaction, 1.5 mL of 10 −4 M aqueous solution of nitroarene and 500 μL of freshly prepared 10 −2 M NaBH 4 , which resulted in concentrations of 5 × 10 −5 and 1.6 × 10 −3 M, respectively, in the solution, were mixed in a quartz cuvette under ambient conditions. Then, a respective amount of as-prepared Cu 2 O nanomaterial (0.1 mg quantity for Oh, 1 mg quantity for DHP, EHP, bulk, and cube Cu 2 O) was introduced individually in the reaction medium and the disappearance of the yellow color of the solution was monitored using a UV−vis spectrophotometer. This experiment was individually conducted with each of the three catalysts, namely, Oh, DHP, EHP synthesized by our novel strategy, cubic Cu 2 O from the literature, 15 and bulk Cu 2 O for comparative study of the 4-NP reduction. To study the effect of other common anions, we added 1.0 × 10 −5 M NaCl, NaNO 2 , NaNO 3 , Na 2 CO 3 , and Na 2 SO 4 solutions. We carried out the rest of the detailed study on the reduction reaction parameters and other nitroarene reductions with a minimal amount of 0.1 mg of as-obtained Oh Cu 2 O nanocatalyst for an insightful investigation in five sets of reactions. The recyclability test was performed with 1 mg of Oh Cu 2 O nanocatalyst for 20 cycles. All of the kinetic tests were performed and the results were provided without the influence of diffusion.
Catalytic Reduction of Cr(VI). The catalytic proficiency of the (111) faceted Cu 2 O was also studied toward the reduction of hexavalent chromium, Cr(VI), using FA at room temperature. In a typical procedure, 10 mL of reaction mixture was prepared with potassium dichromate (K 2 Cr 2 O 7 , 5 × 10 −4 M), 1.8 M FA and 0.01 mL of Cu 2 O catalyst (1 mg per 1 mL of Oh and cube Cu 2 O nanocatalyst) dispersed in water and stirred magnetically at 500 rpm at room temperature. Then, a 2 mL aliquot was put in a quartz cuvette after centrifuging and separating out the present catalyst. The absorbance at 350 nm was monitored at definite time intervals to study the progress of the reaction for five sets.
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